Progressive multifocal leukoencephalopathy (PML), a fatal demyelinating disease caused by JC virus (JCV) infection of oligodendrocytes, may develop in patients with immune disorders following reactivation of chronic benign infection. Mutations of JCV capsid viral protein 1 (VP1), the capsid protein involved in binding to sialic acid cell receptors, might favor PML onset.
Cerebrospinal fluid sequences from 37/40 PML patients contained one of several JCV VP1 amino acid mutations, which were also present in paired plasma but not urine sequences despite the same viral genetic background. VP1-derived virus-like particles (VLPs) carrying these mutations lost hemagglutination ability, showed different ganglioside specificity, and abolished binding to different peripheral cell types compared with wild-type VLPs. However, mutants still bound brain-derived cells, and binding was not affected by sialic acid removal by neuraminidase. JCV VP1 substitutions are acquired intrapatient and might favor JCV brain invasion through abrogation of sialic acid binding with peripheral cells, while maintaining sialic acidindependent binding with brain cells.
Progressive multifocal leukoencephalopathy (PML) is a rare demyelinating disease caused by the polyomavirus JC (JCV) infection of oligodendrocytes. It develops in the context of immune disorders such as human immunodeficiency virus (HIV) infection, hematological malignancies, transplantation, and treatments with immunomodulatory drugs. In most cases, PML is fatal within a few months from onset; there is no specific therapy, and reversion of the immune suppression, when feasible, remains the only proven approach for management of this disease [1, 2] .
JCV establishes a chronic asymptomatic infection in the urinary tract in approximately 50% of the population and is excreted in urine in approximately onethird of healthy subjects [3, 4] . The mechanisms leading to PML are mostly unknown, yet involve JCV reactivation in the context of compromised immune control. The major capsid viral protein 1 (VP1) is likely a key player in pathogenesis, as it mediates immune responses, as well as cell attachment [5, 6] and viral cell entry [7] through sialic acid cell receptors. The VP1 gene is highly polymorphic; 13 distinct geographically associated subtypes have been identified [8] . However, there is no clear evidence of an association between any JCV subtype and PML.
We have recently examined all VP1 sequences deposited in GenBank (the National Institutes of Health genetic sequence database), and observed that a small number of mutations exclusively found in the brain or cerebrospinal fluid (CSF) of PML patients is positively selected. Three-dimensional modeling of VP1 molecular structure indicated that these substitutions are located at or close to binding sites for the sialic acid receptor [9] . Here, we undertook a detailed study of VP1 sequences derived from CSF, plasma, and urine samples of a large cohort of PML patients to assess whether positively selected mutations (defined as ''PML-associated substitutions'') arise within the patient, and to characterize their spectrum and evolution during PML. To investigate their role in PML pathogenesis, we constructed mutated virus-like particles (VLPs) and studied their binding to different sialic acid-containing oligosaccharides as well as with various peripheral and central nervous system (CNS)-specific cells.
MATERIALS AND METHODS

Patients and Samples
This study was approved by the Ethical Committee of San Raffaele Hospital. To investigate the presence and evolution of PMLassociated mutations in vivo, we examined CSF, and plasma and urine samples when available and positive for the presence of JCV DNA [10] , from 84 PML patients followed at the Department of Infectious Diseases of San Raffaele Hospital between 1992 and 2009. Patient characteristics are shown in Table 1 .
Measurements
DNA was extracted from CSF, plasma, or urine samples using the QIAamp Blood Kit (Qiagen). JCV DNA was quantified by real-time polymerase chain reaction (PCR) [10] . VP1 was amplified either using primers flanking the whole VP1 gene, generating a fragment 2027 base pairs (bp) long (outer primers VP1-LF GCAGCCAGC-TATGGCTTTAC and VP1-LR GCTGCCATTCATGAGAGGAT; inner primers VP1-SF CCTCAATGGATGTTGCCTTT and VP1-SR AAAACCAAAGACCCCT) or, when amplification with this method was not successful, by a seminested assay, generating a 1232-bp-long fragment [11] (see Supplementary Data for PCR conditions). Amplification products were purified by the Qiagen purification kit, and either cloned using a TOPO TA cloning kit (Invitrogen) or directly sequenced. Clones or purified PCR products were sequenced using a Model 3730XL DNA analyzer (Applied Biosystems). Following sequence translation, amino acid mutations were marked by comparison to a large selection of VP1 sequences from PML and non-PML cases obtained from GenBank [9] . Sequences were aligned using the ClustalW [12] multiple sequence alignment program (European Molecular Biology Laboratory-European Bioinformatics Institute [EMBL-EBI]), and the frequency of mutations in each sample was determined by the MargFreq program (freeware; http://sray.med.som.jhmi.edu/ SCRoftware/margfreq/). Only mutations present in more than one clone for a sample were considered.
VLPs for all experiments were purified and tested for quality using electron microscopy as described [9] .
Hemagglutination assay was performed as described [9] . For the ganglioside enzyme-linked immunosorbent assay (ELISA), specific gangliosides (EMD chemicals, Calbiochem; GM2, American Radiolabeled Chemicals, Inc.) were resuspended in methanol (MeOH) and coated onto a 96-well plate (Corning, 10 lg per well) overnight. After blocking with phosphate-buffered saline (PBS) containing Ca 21 /Mg 2 , 1% bovine serum albumin (BSA, fraction V) (Sigma) and 0.1% Tween-20 VLPs were added to the wells at 30 lg/mL in the above buffer. After 90 min incubation at 4°C, the plates were washed and VLP binding was detected with anti-VP1 antibody PAB597 (courtesy Ed Harlow) and HRP-anti-mIgG (Jackson ImmunoResearch). Plates were developed with Turbo TMB-ELISA solution (Pierce Chemical Co.) and stopped with 2 N H3PO4; the plate was read on a spectrophotometer at 450 nm.
For flow cytometry analysis of VLP binding, 1- To investigate whether PML-associated mutations are specifically selected in CSF of PML patients, we analyzed JCV VP1 sequences from paired CSF and urine samples of 8 patients (Table 2 , patients 1-8). In each patient, CSF carried 1 amino acid substitution that was not present in the urine-derived sequence. CSF and urine sequences were otherwise identical within individual patients and characterized by identical polymorphisms (ie, same virus subtype), as compared with the reference strain [8] . In all of 13 cases, plasma VP1 sequences ( Table 2 , patients 1-5, 9-16) were identical to the correspondent CSF-derived sequence, carrying the same PML-associated substitution. In both CSF and plasma, these substitutions were present in all or the vast majority (.95%) of the clones analyzed. These observations suggest that during PML, the virus circulating in CSF and blood has acquired specific VP1 changes relative to the parental urine virus within the patient, and constitutes the sole (or at least the predominant) viral population in these sites.
Characterization of JCV VP1 Mutations in CSF of PML Patients
To define the type and frequency of VP1 PML-associated substitutions, we analyzed CSF-derived VP1 sequences in a larger group of patients. One main PML-associated mutation or deletion was identified in 37 of 40 patients (90%), always in all or most of the clones derived from each analyzed sample ( Figure 1 , Table 3 ). The most frequent changes involved amino acids 269 and 55, identified in 27% and 25% of the patients, respectively. In addition to the substitutions already reported for amino acids 55, 60, 61, 265, 267, 269, and 271 [9, 11] , we newly identified several other PML-associated mutations or deletions involving nonpolymorphic (ie, JCV subtype-independent) VP1 codons (amino acid positions 50, 51, 122-125, and 283) and also located in likely critical VP1 binding sites.
We also investigated the dynamics of mutations in 8 PML patients with CSF collected over a timeframe of 17 days to 8.5 years (Table 3) . PML-associated substitutions were maintained over time in all the progressive cases, irrespective of the JCV DNA level dynamics, and were even present during disease relapse in 2 of 3 patients months to years after first PML episode. By correlating PML-associated substitutions to clinical and laboratory variables (Table 1) , the only significant finding was lower DNA levels in CSF of patients with no substitutions or substitutions/deletions involving amino acid positions 122-134, as compared with patients with all other substitutions.
PML-Associated Mutations Decrease VP1 Hemagglutination Ability
JCV is known to bind to sialic acid structures [5] , thus we used red blood cell (RBC) agglutination as a model [13, 14] to study JCV VP1 interaction with sialylated receptors. We prepared VLPs that form complete viral capsid structures [9, 15] and are widely used as a model for polyomavirus interactions with their cellular receptors [15, 16, 17] . We introduced, on a backbone of a VLP from a single viral background (JCV type 3), a number of PML-associated mutations observed in vivo (ie, 55F, 60E, 265D, 267F, 269F, and 269Y), and additionally, the mutations 66H and 271H, which had been previously reported in PML brain-derived sequences [9] . While wild-type VLPs caused hemagglutination at concentrations as low as 760 pg/mL (Figure 2A) , VLPs carrying the 55F, 267F, 269F, or 269Y mutations did not, even at the highest concentration of 100 lg/mL, which corresponds to .100,000-fold decrease in activity. Hemagglutination was still apparent with the 60E-, 265D-, and 271H-mutated VLPs, but only at high concentrations that corresponded to 200-to 25,000-fold losses in activity. Only binding of the 66H mutant was not strongly affected. The effect of VLP mutations on hemagglutination ability suggests that these may change cell tropism of JCV in vivo by abrogating the ability to bind cellular receptor(s).
PML-Associated Mutations Change Ganglioside Specificity of VP1
To further dissect VP1 receptor specificity, we investigated the binding of type-3 wild-type and mutated VLPs to different gangliosides. Gangliosides are a group of complex glycosphingolipids in which oligosaccharide chains containing one or more sialic acids (N-acetylneuraminic acid [NeuNAc] ) are attached to a ceramide, which anchors the structure to the cellular membrane [18] . These molecules play an important role as cellular receptors and are abundant in the brain (for review, see [19] ). Wild-type VLPs displayed the strongest binding to GD1b, GD2, and GT1a gangliosides ( Figure 2B ), which was consistent with previous observations for type 1A wild-type virus [16] . Binding to asialo-GM1 and GD1a was weaker but still more than 2-and 3-fold over background, respectively, while binding to other gangliosides was negligible. In contrast, the same mutated VLPs that lost the hemagglutination property (ie, mutants 55F, 60E, 265D, 267F, 269F, and 269Y), also lost binding to all sialylated gangliosides, while all but 265D exhibited binding to asialo-GM1 ( Figure 2B ). The 66H-and 271H-mutated VLPs still bound to sialylated structures but with different ganglioside specificities compared with nonmutated VLP, indicating changes of receptor specificity.
Binding of VLPs to Various Cellular Targets
By flow cytometric analysis (FACS), we measured binding of the above-described wild-type and mutant VLPs to the cell types reported to be important in the natural history of JCV infection: primary human renal proximal tubular epithelial cells, as target cells for asymptomatic viral persistence of nonmutated virus [20, 21] ; primary human B lymphocytes, as the cell type suggested to be critical for viral spread from the periphery to the CNS [22, 23] ; primary human T lymphocytes and the lymphocytic cell line Jurkat as additional peripheral blood cell types; and fetal astrocytes and the human glial cell line SVG-A [24, 25, 26] , as model cells for CNS infection during PML in the lack of availability of purified primary human oligodendrocytes (ie, viral target in PML). Wild-type VLP strongly bound to all cell types, with an MFI .2-fold above background (Figure 3) . However, the most frequent PML-associated mutations 55F, 267F, 269F, Figure 4A ), indicating the sialic acid-dependent nature of those mutants binding to nonglial cells. In summary, the PML-associated mutations most frequently found in clinical samples largely abolished sialic acid-dependent JCV binding to different peripheral cells types, including RBCs, kidney tubular epithelial cells, and lymphoid cells. Binding of mutated virus to CNS-specific glial cells was unaffected, thus appearing largely sialic acid-independent ( Figure 4B ).
DISCUSSION
While immune dysfunction is a crucial prerequisite for the development of PML, the dramatic discrepancy between high JCV prevalence and low incidence of PML suggests that, in addition to immune dysfunction, there could be some unique viral characteristics that regulate the progression of asymptomatic infection to PML. In this work, we demonstrate that the part of the viral surface protein that is responsible for viral interactions with cellular receptors and hence viral infectivity acquires specific amino acid mutations in the patient en route from the urinary tract (site of asymptomatic infection) to the CNS (site of PML). Furthermore, we show that these PML-specific mutations change the ability of the viral capsid to bind to sialylated molecules and a variety of peripheral cell types, but retain the ability to bind CNS glial cells in a neuraminidase treatmentinsensitive manner.
Through the analysis of urine and CSF samples taken from PML patients at the same time points, we showed that CSF VP1 sequences contained additional amino acid substitutions or deletion compared with sequences derived from paired urine samples of the same patients. Because background VP1 genotypes were the same in the CSF and urine samples from the same patients-whereas different patients carried different subtypes-our observations are parsimoniously explained by intrapatient origin of the substitutions.
In the larger group of PML patients, L55F and S269F were the most common mutations in CSF-derived sequences, both accounting for half of all observed. This observation correlates with the ability of both mutations to abrogate JCV hemagglutination and binding to peripheral cells and to sialic acid, suggesting that this loss of function is advantageous for the virus. Although quite distant in a linear structure, VP1 positions 55 and 269 colocalize on the 3-dimensional protein structure, recently described by Neu et al. [27] , being part of the sialic acid binding site. All other VP1 mutations or deletions derived from the CSF of PML patients also colocalized to the sialic acid binding site, and most of those that we analyzed caused a loss of or dramatic change in sialic acid specificity of the virus. In addition, we did not observe any binding of 55F-and 269F-mutant VLPs to an a2, 6-sialylated oligosaccharide LSTc structure (Gorelik, unpublished observation, www.functionalglycomics.org), which was recently described to bind wild-type VLPs [27] . Although we did not characterize the function of the whole spectrum of mutations and deletions observed in vivo, the data from the examination of their vast majority provide support to the hypothesis that a change in VP1 specificity for sialic acids plays a crucial role in viral pathogenesis. These mutations are associated with some or complete loss of sialic acid binding capability, as apparently more mutations could be created to disrupt viral binding to sialic acid. However, we described a limited set of mutations that have originated from the viable and positively selected virus, thus they Figure 1 . Frequencies of PML-associated substitutions identified in JCV VP1 from the CSF of PML patients. The number of PML patients harboring a JCV with particular VP1 mutation or deletion in the CSF is displayed. Mutations were identified by comparing the sequences to either VP1 sequences from matched urine samples (when available) or to 253 sequences isolated from the urine of non-PML individuals as reported in GenBank and assembled elsewhere [9] . The most dominant mutation is plotted for each patient (ie, mutations present in a low number of clones are not displayed) (for a comprehensive list, see Table 3 ). NOTE: PML indicates progressive multifocal leukoencephalopathy; JCV, JC virus; VP1, viral protein 1; CSF, cerebrospinal fluid. NOTE. JCV indicates JC virus; VP1, viral protein 1; PML, progressive multifocal leukoencephalopathy; HIV, human immunodeficiency virus; PCR, polymerase chain reaction; Undet., undetermined; SLE, systemic lupus erythematosus; NHL, non-Hodgkin lymphoma; ICL, Idiopathic CD4 lymphopenia; SCT, stem cell transplantation.
a Number in parentheses indicate the number of days from first sample examined.
b According to [8] . The subgroup followed by ''v'' and position indicates subgroup variant and polymorphism relative to that subtype.
c PCR, sequence information was obtained directly from a PCR product without cloning.
d Different mutations were observed in different clones.
e Sequence available up to position 295.
must provide some positive advantage to the virus and cannot be a simple loss of sialic acid binding function. Whether they provide additional viral function(s) (such as different receptor specificity) or are simply selected because they did not lead to a concurrent loss of some vital function for the virus would require further studies. Finding the same sequences in CSF and plasma, both distinct from the urine sequences in PML, suggests that CSF or plasma virus populations originated from the other after a single viral escape event from the site of chronic infection in the urogenital tract. Whether this observation reflects subsequent continuous hematogenous spread to the CNS from a peripheral site or, rather, the release of CNS virus into the blood, could not be clarified in the present study. Determining the timing and tissue of origin of PML-associated mutations is central to better understand the role of these mutations in the etiology and pathogenesis of PML. Based on the current data, two main models can be hypothesized. According to a first model, mutations could occur during viral replication at a peripheral site and enable the virus to reach and replicate in the CNS. Although we have not observed PML-associated mutations in the urine of PML patients, it is possible that a mutation was originally acquired during viral replication in the urinary tract, and that the mutated virus had no competitive advantage over the resident VLPs binding to an array of gangliosides were detected with a 2-step process involving the detection of VLPs bound to a ganglioside with VP1-specific murine antibodies and anti-murine IgG HRP-labeled antibodies followed by development with TMB substrate. Numbers represent percent increase in the optical density obtained with the specific VLP relative to that obtained without VLP (ie, background) and were calculated as follows: % specific VLP binding 5 100%*(OD 450 (with VLP)-OD 450 (without VLP))/OD 450 (without VLP). Statistically significant (P , .05) interaction between a VLP and ganglioside in comparison to the background interaction between the VLP and MeOH-treated well is denoted by a red cell background. Results are depicted as a mean 6 SD binding for each VLP to each of the gangliosides or to the control for several independent experiments conducted; N denotes number of independent measurements for each VLP and all gangliosides. Schematic structure of ganglioside is shown to reveal core binding structure bound by various VLPs. NOTE. JCV indicates JC virus; VLPs, virus-like particles; PML, progressive multifocal leukoencephalopathy; VP1, viral protein 1; TMB, tetramethylbenzidine.
nonmutated virus to become a detectable population at that site. Because most mutations make the virus lose specificity for widely occurring sialic acid-containing receptors, once the mutated virus is released into the blood circulation, it might escape being trapped by the multitude of sialo-containing oligosaccharide pseudoreceptors expressed on a great majority of peripheral cells (reviewed in [28, 29] ). This same mechanism has been demonstrated to increase viral virulence of murine polyomavirus infection in mice. In that model, mutation at position 296, which is structurally orthologous to the critical JCV position 269, dramatically changed the viral specificity for sialic acids, affected the viral ability to bind target cells and RBCs, and also led to dramatic viral dissemination through the animal, resulting in a lethal outcome [30] . We do not know if VP1 mutations also provide any advantage for the virus to cross the blood-brain barrier (BBB), but it is possible that altered BBB permeability-not infrequent in patients with HIV infection [31, 32] , who are at risk of developing PML-facilitates the virus spreading to the CNS. In such case, the required temporal constellation of events such as selection of mutations in the presence of BBB breaching might explain the rare occurrence of PML, even in patients with significant immune suppression. The observation that 10% of PML patients carry the virus without VP1 mutations is still consistent with the hypothesis that the mutations occur prior to viral entry into the CNS. Entrance of nonmutant virus into the CNS could be facilitated by brief high viremic titers, which might overwhelm the peripheral defense of viral pseudoreceptors, occurring simultaneously with some other predisposing event (eg, opening of the BBB).
Still, we cannot rule out the alternative hypothesis that the virus always enters the CNS in the nonmutant form, and VP1 mutations originate and are positively selected within the CNS. Of note, the JCV replication level in CSF was lower in patients with nonmutated virus compared with the other patients, leading to the speculation that sialic acid independent cell entry, observed for mutated viruses, leads to more efficient viral replication in the CNS than sialic acid-dependent cell entry, expected for nonmutated virus.
Variation of the JCV noncoding regulatory region (NCCR) has also been associated with changes in viral tropism (reviewed in [22] ). NCCR contains binding sites for host cell transcription factors, and rearrangements of this region (ie, patient-specific DNA duplications and deletions of variable length) are consistently found in CSF-and brain-derived sequences of PML patients, as opposed to the archetypal form of the NCCR that is normally shed in urine. Thus, NCCR rearrangements could confer a change of JCV properties in concert with the selection of VP1 mutations. These changes might, on one hand (ie, via NCCR rearrangements) decrease viral fitness for peripheral cells while conferring optimal viral fit with the transcriptional machinery of newly infected CNS cells and, on the other hand (ie, via VP1 mutations) favor CNS infection through peripheral escape and increased binding ability to CNS cells through sialic acid-independent mechanisms. Indeed, murine polyomavirus virulence is increased by the presence of VP1 mutations independently of NCCR changes [30] and NCCR can undergo further changes once the polyomavirus is forced to replicate in a new cell type [7] , supporting the hypothesis that VP1 mutations might even occur first and NCCR rearrangements follow. Studies involving analysis of sequential samples would be required to determine the exact sequence of JCV mutation events, although these are hampered by the unavailability of CSF specimens and undetectability of JCV in plasma (our unpublished observation) before PML is clinically manifest.
In conclusion, our in vivo and in vitro observations on the presence and functional role of VP1 mutations in PML enhance our understanding of PML etiopathogenesis by revealing an aspect of viral-host interactions essential for disease development and progression. Our data also show that polyomaviruses may use a common mechanism involving capsid protein mutations to change host cell distribution and hence their virulence. As polyomaviruses begin to play a more prominent role in human diseases due to the development of new immunoregulatory drugs, these findings can pave the way for development of new diagnostic options and treatment paradigms.
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